The purpose was to develop a foot image capture and measurement system with web cameras (the 3-FIS) to provide reliable and valid foot anthropometric measures with efficiency comparable to that of the conventional method of using a handheld anthropometer. Eleven foot measures were obtained from 10 subjects using both methods. Reliability of each method was determined over 3 consecutive days using the intraclass correlation coefficient and root mean square error (RMSE). Reliability was excellent for both the 3-FIS and the handheld anthropometer for the same 10 variables, and good for the fifth metatarsophalangeal joint height. The RMSE values over 3 days ranged from 0.9 to 2.2 mm for the handheld anthropometer, and from 0.8 to 3.6 mm for the 3-FIS. The RMSE values between the 3-FIS and the handheld anthropometer were between 2.3 and 7.4 mm. The 3-FIS required less time to collect and obtain the final variables than the handheld anthropometer. The 3-FIS provided accurate and reproducible results for each of the foot variables and in less time than the conventional approach of a handheld anthropometer.
Current direct foot measurement techniques include anthropometers/calipers, palpation, radiographs, and 3D foot scanning devices. Calipers are a simple and inexpensive method of obtaining linear anthropometric data such as foot length and width and have been used extensively in the past to gather foot anthropometric of large population samples (Rossi, 1983; . Calipers provide acceptable reliability, and validity to the radiographic of angles and distances between bony landmarks (Williams & McClay, 2000) . A major disadvantage to the use of calipers is that they are time consuming. They are also limited in being unable to measure angles or accommodate deformities, making it difficult to standardize procedures across a range of study subjects, as for example in the assessment of metatarsal length (Davidson et al., 2007) .
Radiographs are often referred to as the gold standard in measurement and are used as benchmark measures, for example to validate arch height (Mall et al., 2005; Williams & McClay, 2000) . However, because of the cost, time and risk of exposure to ionizing radiation, radiographic examination is unable to be completed within a single testing session in the biomechanics laboratory or clinical setting and is unsuitable for large sample prospective studies. Furthermore, while in theory radiographs allow precise measurement of the bony structure of the foot once scaled, there are shortcomings in the accuracy of the data, due to projection error from the 2D radiographic projection of the 3D foot (Mall et al., 2007) and the difficulty in identifying a 3D landmark from the 2D image. Notably, the apparent gapping of the subtalar joint during the adduction stress test due to calcaneal rotation Ill-fitting shoes can impede the normal development of the maturing foot and cause foot problems and pathologies in childhood and adulthood (Echarri & Forriol, 2003; Gould et al., 1989; Rao & Joseph, 1992; Sachithanandam & Joseph, 1995) . A good fit between the foot and the shoe will be determined by how well the internal measure of the shoe or the shoe last matches the shape of the foot. Accurate foot anthropometric measures are essential in achieving shoe-foot compatibility for people with and without foot pathology (Houston et al., 2006) and are therefore necessary for shoe manufacturers to develop appropriate shoe lasts (Cheng & Perng, 1999) . In addition, foot anthropometric measures have been used to further our understanding of normal foot function during walking (Cashmere et al., 1999; Hunt et al., 2001) and to explain soft tissue injury (Davidson et al., 2007) ; (Williams et al., 2001) . Therefore, the development of methods to improve our ability to obtain accurate and comprehensive foot anthropometrics is a worthwhile endeavor for both footwear manufacturing and scientific endeavors. (van Hellemondt et al., 1997) , that can lead to incorrect diagnosis (Sijbrandij et al., 2001) .
Systems that seek to provide a reconstruction of the 3D rendered foot for applications such as orthotic construction have limitations. Commercially available foot laser scanning devices use curve-fitting techniques to obtain surface coordinates and produce a 3D image of the foot surface (Witana et al., 2006) . However, replicable information about selected linear measurements from scanned images depends on the sophistication of the system, the applied computational algorithms, foot placement and identification of the reference points (Witana et al., 2006) . Predictive mathematical models have been developed to derive multiple foot anthropometric variables such as foot length from simple measures, with scaling on some dimensions Luximon et al., 2005) ; and from scanned images in combination with simple measures (Luximon et al., 2005) . Although footwear fitting and manufacture require a degree of predictable conformity to population norms, such models are for specific populations and will not necessarily apply to any individual.
An electromagnetic digitizing device was shown (Liu et al., 1999b) to be more accurate than the predictive modeling approach . However, it is probably too complex a method for use outside the biomechanics laboratory. A system with high reliability and accuracy that is simple to use for a range of linear and angle measures, and is time-efficient, would have broad application.
Digitized web camera images offer an inexpensive, convenient and time-efficient method for foot anthropometry. One approach is to use a single camera to capture an image of one actual foot view, for example a medial view, with other foot planes shown in the field of view using angled mirrors, such as anterior, posterior and inferior views (Mall et al., 2007) . However, for the single camera technique to give accurate information about multiplanar views, calibration procedures must resolve image distortion from the camera lens and from the mirrors. In addition, the use of this technique in commercial settings involves the camera being positioned close to the foot, thus amplifying the perspective error. Concerns such as these may be overcome by a system with multiple cameras. It could enable the identification of specific points on the foot, to obtain the linear dimension of interest in a single measurement session, for comparison over time, and for repeat measuring following surgical correction of foot deformity.
The purpose of the current study was to develop a foot image capture and measurement system with three readily available web cameras (the 3-FIS) to provide reliable and valid foot anthropometric measures with improved efficiency to that of a handheld anthropometer. Our specific aims were to compare reliability of the 3-FIS measurements to those of the handheld anthropometer, to validate the 3-FIS against the handheld anthropometer measures and to compare the time required to obtain measurements between the two methods.
Methods Experimental Approach
Foot anthropometrics were defined from eleven variables ( Figure 1 ). Each variable was a linear measurement obtained from two reference points of the right foot while the participant stood in an upright weight bearing position. All participants were assessed by the same assessor who was experienced in using the Harpenden handheld anthropometer. To measure the validity of the purpose-built 3-camera foot image system (3-FIS), the calculated foot variables were compared with the same variables of the handheld anthropometer. To measure the reliability of both methods participants were measured on three consecutive days. The time taken to obtain the eleven variables was calculated for each method.
Participants
Ten healthy adults aged between 18 and 65 years participated in this study. Potential participants were recruited from notice boards within the university campus, and excluded if they had experienced any injury to the foot within the preceding six months.
All study participants gave their written informed consent before testing, in accordance with requirements of the University of Sydney Human Ethics Committee.
Equipment
Foot anthropometrics were measured directly with the handheld anthropometer. Three web cameras (Logitech, QuickCam Fusion) were used to capture foot images at a resolution of 1280 × 960 pixels. The cameras were fixed to a metal frame to maintain a constant position relative to the foot (see Figure 2) . The cameras were connected to a laptop computer via a USB hub. A custom twodimensional 7 × 7 calibration matrix (240 × 180 mm) was used at each data collection session. A computer program was written in Matlab (Mathworks v7.1) for image capture, digitization of calibration points and anatomical landmarks, and the subsequent calculation of the individual's foot anthropometrics.
Procedures
The reference points on the foot were first marked with a marker pen. Each marked point was used by both measuring techniques. The participant was instructed to stand symmetrically, distributing half of their body weight on each foot. Foot anthropometric variables were obtained using the handheld anthropometer and recorded.
Before image capture with the 3-FIS, calibration data for each camera were obtained with the calibration matrix positioned 300 mm from the camera lens and perpendicular to the camera's optical axis. The foot was placed on the platform with equal weight distribution (as per the handheld anthropometer method and positioned in accord with the two perpendicular lines [see Figure 2] ).
The long axis of the foot was defined as the line passing through the second toe and the middle of the heel (Nikolaidou & Boudolos, 2006) . This foot alignment ensured that the long axis of the foot was perpendicular to the optical axis of each camera. Medial, lateral and superior views of the foot were captured simultaneously.
Processing the 3-FIS Data
To correct for lens distortion and perspective, we used a 3rd order nonlinear algorithm to transform the image coordinates to the real coordinates for the foot. A polynomial equation was determined by scaling the digitized calibration points to fit the known reference coordinates. Actual coordinates were obtained by application of the calibration polynomial to the digitized foot reference coordinates. Foot anthropometric variables were then calculated and recorded. An adjustment factor modified the calculated length to remove the effects of perspective errors (see the example in Figure 3 ). The absolute error in x and y dimensions between the reference and digitized coordinates for the calibration matrix was less than 1 mm. . Each camera is fixed to the metal frame, maintaining a constant position, and connected to a personal computer via a USB hub. The center of the heel is placed at the intersection of the red reference line on the wooden platform with the white reference line, which is aligned with the long axis of the foot.
Statistical Analysis
Reliability of each method was determined using the intraclass correlation coefficient (ICC) (Rankin & Stokes, 1998; Shrout & Fleiss, 1979) and root mean square (RMS) error. While ICC measures the consistency or correlation between the repeated measures, the RMS error gives us information about the absolute difference between the repeated measures. The ICC(2,1) coefficients were interpreted according to the guidelines of Fleiss (1986) to describe reliability as: poor (<0.4), fair to good (≥0.4 to ≤0.75), or excellent (>0.75) and a 95% confidence interval (CI) was calculated for each ICC. The ICC and RMS error were calculated for data collected on three consecutive days for each of the methods, handheld anthropometer and 3-FIS. RMS error was also calculated for data obtained by repeat digitization of the same 3-FIS images. To calculate RMS error, the sum of squares was determined from the square root of the difference between the measurement (X i ) and the mean of three days ( x )
Validity of the 3-FIS against the handheld anthropometer was determined from the RMS error between the variable values from the 3-FIS and the handheld anthropometer. To calculate RMS error, the sum of squares was determined from the square root of the difference between the 3-FIS (X FIS ) and the handheld anthropometer data (X HHA ).
Differences in the time it took to make the measurements were tested by an independent t test with significance at p < .05.
Results
The reliability between measurements taken on 3 consecutive days was excellent (ICC > 0.9) for both the 3-FIS and the handheld anthropometer for the same ten variables (Table 1) , ranging from 0.816 to 0.995 for the 3-FIS and from 0.947 to 0.994 for the handheld anthropometer. The exception was for the fifth metatarsophalangeal joint (MTPJ) height. For this variable, reliability was good, rather than excellent for the handheld anthropometer (ICC = 0.73) and the 3-FIS (ICC = 0.684). The range of RMS errors produced from 3 consecutive days of tests was between 0.9 and 2.2 mm for the handheld anthropometer, and between 0.8 and 3.6 mm for the 3-FIS. For the repeated digitization of 3-FIS data, reliability was excellent with ICC greater than 0.984 and RMS errors between 0.3 and 0.6 mm ( Table 1) . Validation of the 3-FIS by the RMS error across the eleven variables was between 2.3 and 7.4 mm ( Table 2 ). The fifth metatarsal length had the largest RMS error, corresponding to 4% of the average values. The mean 3-FIS values were well within one standard deviation of the mean handheld anthropometer and did not vary by more than 4 mm.
The 3-FIS method was faster than the handheld anthropometer method (p = .002). The average time required to measure foot variables with the 3-FIS was 2 min and 52 s, which was the total of the time taken to collect the three foot images (1 min and 46 s) and to digitize the images (1 min and 6 s). The average time required to measure foot variables with the handheld anthropometer was 3 min and 21 s. 
Discussion
The purpose of the current study was to develop a foot image capture and measurement system (3-FIS) for broad application with advantages over existing systems. The 3-FIS provided accurate and reproducible results for each of the eleven foot variables and required less time than the conventional approach of a hand-held. Reliability for both the 3-FIS and the handheld anthropometer was excellent for ten of the eleven foot anthropometric variables. There are no other reports of an equal number of variables for intratester reliability with which to compare the current findings directly. However, studies investigated the intratester reliability for a smaller number of foot variables with very similar results to our study using direct measurements (Williams & McClay, 2000; Witana et al., 2006) , a mirrored foot photo box system (MFPB; Mall et al., 2007) and a threedimensional digitizing device (Liu et al., 1999b) . These studies (Liu et al., 1999b) ; (Mall et al., 2007; Williams & McClay, 2000; Witana et al., 2006) found excellent intratester reliability for foot length and lower reliability for variables involving the 1 and 5th MTPJ. The current study had excellent reliability for all variables except 5th MTPJ height. Although the RMS error for this variable is relative small, the ICC value was only 0.684. This illustrates that ICC and RMS error are two measures of reliability of the method. While ICC measures the consistency or correlation between the repeated measures, the RMS error gives us information about the absolute difference between the repeated measures and is therefore dependent of magnitude of the variable. Difficulty in the identification by palpation of the fifth MTPJ joint center was a likely contributor to the lower reliability for this variable and probably due to the rounded nature of the head of the fifth MTPJ. Nonetheless the variable still had an acceptable reliability. Few studies have used RMS error to quantify the absolute difference between repeated foot measures.
The RMS errors for the current study are slightly larger than those found by Liu et al. (Liu et al., 1999b) , possibly because our repeated measures were performed on separate days. Indeed, redigitization of the same 3-FIS images showed much smaller errors. It is therefore likely that the errors are due to image error and the identification of the anatomical landmarks. Since the anatomical points were clearly marked, lens distortion and perspective errors remain the key sources of error; however, the error was small and would not preclude its use.
The current study validated the 3-FIS against the handheld anthropometer and established the 3-FIS as an accurate measurement instrument. The fact that the RMS errors of the 3-FIS were larger for the first and fifth MTPJ variables can mainly be attributed to the perspective error. For example, the first and fifth MTPJ lengths were determined from the posterior edge of the heel and the respective MTPJ center. Perspective error arose because the digitized point at the posterior border of the heel was further from the camera than the respective MTPJ center. In future, this error could be reduced if a grid was present on the 3-FIS foot platform to enable the identification of the perpendicular intersection point between the posterior and lateral borders of the foot (i.e., MTPJ center) and the length to be measured parallel to the image plane.
The overall time saving for the 3-FIS in comparison with the handheld anthropometer is of benefit to both the user, who can collect and analyze data faster, and the participant who is required to stand motionless for less time. Both manual measurement and laser scanning techniques require an individual to remain stationary and motionless for a period of time, which can be challenging for young children and injured, diseased or elderly people. The shorter data collection time provided by the 3-FIS makes it suitable for such populations and for studies that involve a battery of tests. Furthermore, the ability to undertake digitization of foot images subsequent to image capture suggests that the 3-FIS would also be a more time-efficient system than image-capturing systems that rely on real-time digitization, such as that described by Liu et al. (Liu et al., 1999b) . One of the limitations of the current study might be considered to be the validation of the 3-FIS by calipers rather than radiographs. Radiographs have been used as the gold standard for validation of anthropometer and other foot measurements systems (Mall et al., 2007; Williams & McClay, 2000) . However the accuracy of the radiographic technique is debatable since it relies on measurements taken from one 2D image. The ability to accurately recognize tissue borders to perform measurements depends on the scanned image quality. Previous studies have also used a calibration cube to validate the image analysis system (Liu et al., 1999a) . The current study sought to compare the 3-FIS to the technique most commonly used in a clinical setting, i.e., a handheld anthropometer, as the appropriate benchmark for validation.
This study has shown that the 3-FIS has advantages over other systems in obtaining comprehensive foot anthropometrics. As such, it can be readily used in footwear fitting and manufacturing and replace existing systems. In addition, the relative simplicity of operation and low cost of the 3-FIS indicate its wider application within clinical and biomechanics research settings. Certainly, the comprehensive nature of the foot data obtained from the 3-FIS will facilitate the construction of customized footwear and orthotics to accommodate deformity. The nature and small amount of error and the reliability of the 3-FIS indicate that the system could be useful for longitudinal monitoring of foot pathology, of the specific effects of footwear and of specific interventions such as surgical procedures to correct deformity. However, for each of these applications, the 3-FIS would need to be considered for its ability to provide the requisite accuracy and reliability. In the research context, the comprehensive data set on the weight bearing foot provided by the 3-FIS would assist our understanding of the influence of foot anthropometrics on foot function (Razeghi & Batt, 2002) and possibly also on quality of life.
